Oxidative modification of LDL has been extensively investigated with regard to the initiation and propagation of atherosclerosis (1-3). Various forms of modified LDL have been shown to generate altered receptor recognition. That is, modified LDLs are not recognized by the LDL receptor but by the scavenger receptor (4). This alteration of receptor recognition has been hypothesized to induce foam cell formation, an early atherosclerotic process.
Such alterations have been reported in vitro including acetylation (5), malondialdehyde (MDA) conjugation (6), oxidation induced by copper ions (7), iron ions (8), free radical initiators (9), lipoxygenase (10) or endothelial cells (11). These oxidative alterations have been shown to increase lipid peroxidation in LDL (7-11) with the resultant hydroperoxides being broken down to promote generation of reactive aldehydes, some of which can modify lysine residues in LDL. The changes accompanying LDL oxidation could be investigated from various perspectives, e.g. lipid peroxidation, net surface charge, fluorescence formation, fragmentation of ApoB or amino acid decomposition detectable by measurement of thiobarbituric acid reactive substances (TBARS), agarose gel electrophoresis, fluorescence at 360 nm excitation (Ex)/430 nm emission (Em), sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), or amino acid analysis.
Recently, particle aggregation has been reported in oxidized (ox-) LDL (12, 13) and enzymatically modified LDL (14, 15) . This aggregation has also been reported to occur following vortexing of LDL solutions (16). These reports suggest that all these various aggregated LDLs exhibit accelerated uptake by macrophages and that the enhanced uptake of aggregated LDL may be caused not only via the scavenger receptor pathway but also by other mechanisms. From studies of LDL extracted from atherosclerotic lesions, it has been shown that most LDLs isolated from atherosclerotic plaques contain several different types of aggregates (17), and that this aortic LDL is more susceptible to aggregation in vitro than native LDL (18). Enhanced degradation of aortic LDL by macrophages has been reported with internalization via a nonscavenger receptor-mediated mechanism (19 , 20) . These findings suggest that LDL aggregation may play role in atherosclerotic development. However , as of yet few findings have been reported concerning the relationship between LDL aggregation and LDL oxidation (13) . Although GPC is one of the most established methods to analyze molecular size, no systematic study has been reported analyzing LDL aggregation with GPC . Therefore, we have investigated features of LDL aggregation using GPC, and report that LDL aggregation occurred in copper-catalyzed oxidation, after which both monomeric and aggregated fractions were characterized in comparison with native LDL.
Materials and Methods

Materials
Dulbecco's modified Eagle's (DMEM) and RPM! 1640 medium were purchased from Gibco Laboratories (Grand Island, NY USA). Fetal bovine serum (FBS) was purchased from Flow Laboratories (North Ryde , Australia). Carrier-free sodium [1251] iodide (Na1251) was obtained from Amersham Japan (Tokyo, Japan). Bovine serum albumin (BSA), dinitrofluorobenzene (DNFB), HEPES, Tris, sodium dodecyl sulfate (SDS) and sodium azide were purchased from Sigma Chemicals (St. Louis , MO USA). Tetraethoxypropane was purchased from Aldrich Chemicals (Milwaukee, WI USA). 2-Thiobarbituric acid (TBA) from Tokyo, Chemicals (Tokyo, Japan). EDTA from Dojindo Laboratories (Kumamoto, Japan). All other chemicals were of reagent or HPLC grade.
Experimental animals
Female Japanese White rabbits were purchased from CSK Research Park (Ina, Japan), and used at an age of 6- fragmentation on SDS-PAGE, and 125I-LDL degradation by macrophages were measured, and these were compared with fluorescent and aggregated LDL generation (Figs. 8,  9 ). Time-dependent increases in the LDL oxidation were found for all parameters. Moreover, the amount of intact apoB decreased time-dependently since it stood quantitatively in inverse proportion to apoB fragmentation. The temporal patterns of LDL oxidation could be classified into three types, the first of which (TBARS and electrophoretic mobility : Figs. 4, 5) showed marked increases at 3 hours, representing the first observation of this phenomenon. Another feature of TBARS and electrophoretic mobility was that the rate of increase decreased time-dependently. The second type of temporal patterning was changes in fluorescence at Ex 360 nm/Em 430 nm, ApoB fragmentation and in 125I-LDL degradation (Figs. 6-8 ). The increases in these parameters were gradual for up to 6 hours and then became acute between 6 and 24 hours. The third type was aggregated LDL formation which was not found for up to 18 hours and appeared after 24 hour incubation under these oxidative conditions (Fig. 9 ) . These results indicate that temporal changes exist in LDL modification induced by copper-catalyzed oxidation. That is, the first alterations appeared in TBARS and electrophoretic mobility, and apoB fragmentation and fluorescent LDL then developed, and finally aggregated LDL was formed. LDL degradation may be linked to the second of these temporal responses.
Analysis of collected fractions
To demonstrate the differences between monomeric and aggregated ox-LDL, we collected both fractions (see Materials and Methods) . To compare these with native LDL, we also collected the monomeric fraction of nonoxidized LDL solution. Fractionation was performed 6 times in total and all elution profiles were equivalent. Both the monomeric and aggregated fractions of ox-LDL exhibited characteristic fluorescence and broad excitation spectra with a peak at 350 nm and broad emission spectra with a peak at 430 nm (Fig. 10) . The fluorescence of monomeric and aggregated ox-LDL (Ex 360 nm/Em 430 nm) was more than twenty-fold as intense as that of monomeric native LDL. A distinct difference between monomeric and aggregated ox-LDL was observed in emission spectra below 400 nm. In this region, aggregated ox-LDL exhibited an almost constant fluorescent intensity, while monomeric ox-LDL exhibited decreasing fluorescence with concomitant decreases in emission wave-length.
With excitation spectra, the difference was observed above 400 nm.
When both fractions of ox-LDL were subjected to SDS-PAGE, we observed an excessive fragmentation of apoB , resulting in the disappearance of the apoB band ( Fig. 11) : Native LDL solution and monomeric native LDL showed a strong band of apoB on SDS-PAGE (lane 2 and 4), while disappearance of this band was observed in the whole solution of ox-LDL (lane 3). Furthermore, we examined the components of the ox-LDL solution, both the monomeric and aggregated fractions, for comparative analysis (lane 5 and 6). The monomeric fraction showed fragmentation products of smaller molecular weight in a similar manner to the ox-LDL whole solution. On the other hand, the aggregated ox-LDL fraction showed less perceptible products than the monomeric. These results indicate that the aggregated ox-LDL had undergone more intensive _fragmentation than the monomeric.
The amino acid compositions of the monomeric and aggregated ox-LDL were compared with that of monomer- Time-dependent changes in particle aggregation evaluated by HPLC on LDL oxidation as shown in Fig. 4. A.
B.
ic native LDL. Compositions of both of the ox-LDLs roughly agreed with those of the monomeric native LDL except for the lysine content (data not shown). Therefore, we compared the lysine residues of the monomeric and aggregated ox-LDL with or without DNFB treatment (Table 1) . DNFB treatment was used to eliminate factors such as Schiff bases which affect to lysine residues under conditions of acid hydrolysis as reported by Steinbrecher (26). DNFB was used before acid hydrolysis and therefore, modified lysine residues evaluated after DNFB treatment were interpreted as having been altered prior to hydrolysis. Thus, the number of unmodified lysine residues was calculated as the total amount of decrease without DNFB treatment and increase with DNFB treatment. The lysine molar ratio to alanine, one of the most stable amino acids, was calculated to avoid errors caused by inaccurate measurement of total amino acids. Lysine residues of monomeric ox-LDL were decreased by 37% in comparison with those of monomeric native LDL. On the other hand, lysine residues of aggregated ox-LDL were further decreased by 13% in comparison with those of monomeric ox-LDL. In total, aggregated ox-LDL lysine content was decreased by 46% in comparison with that of monomeric native LDL.
Since the polyanionic charge on LDL has been commonly associated with the scavenger pathway of LDL metabolism (27, 28), electrophoretic mobility on agarose gels and 125I-LDL degradation by macrophages were also investigated for monomeric and aggregated ox-LDL. Both monomeric and aggregated ox-LDL exhibited an increase in electrophoretic mobility and enhancement of LDL degradation as shown in Table 2 . In comparing the two fractions of ox-LDL, an interesting phenomenon was observed ; although the aggregated ox-LDL suffered a more intensive oxidation than the monomeric ox-LDL, the electrophoretic mobility increment of aggregated ox-LDL was almost half that of the monomeric. Since lysine residues of aggregated ox-LDL were modified more extensively than those of the monomeric form (Table 1) , their increase in electrophoretic mobility might reflect an increase in lysine modification.
However, the electrophoretic mobility of aggregated ox-LDL showed a decrease in net anionic charge by oxidation in contrast to lysine modification.
On the other hand, the LDL degradation of aggregated ox-LDL increased slightly more than that of monomeric ox-LDL, despite the decrease of the net anionic charge.
Discussion
In the present study, we have elucidated two important points concerning LDL aggregation. Firstly, we have described GPC analysis as a useful conventional method to analyze LDL aggregation. Secondly, we showed that aggregated LDL formation occurs as the last event during copper-catalyzed oxidation, and that aggregated ox-LDL has certain properties other than molecular weight which are different to monomeric ox-LDL. LDL aggregation has been receiving increased interest in lipid accumulation in atherosclerotic lesions (18, (29) (30) (31) . The results obtained in the present study represent a fundamental step towards understanding the mechanism which leads to oxidation -induced aggregation of LDL .
Although many studies have reported the adaptation of GPC methods to LDL analysis previously (32, 33) , these were applied to separate lipoproteins from plasma samples and to investigate elution profiles of small molecular weight species such as high density lipoproteins (HDL). Therefore, such methods require long elution time (> 60 minutes) with large elution volume. To achieve a short elution volume, we focused on higher molecular substances and did not analyze of lower molecular weight species. Thus, we modified the HPLC system previously reported (34) and reconstructed a conventional HPLC system with a TSK G-5000PW column.
By using this system, we were able to obtain elution profiles of ox-LDL within 30 minutes, obtain dense fractions of ox-LDL, and in conjunction with fluorescence measurement (Ex 360 nm/Em 430 nm), simultaneously obtain fluorescence profiles of ox-LDL without any effect from smaller fluorescent molecules.
Using GPC analysis, we investigated LDL aggregation quantitatively in copper-catalyzed oxidation. Because the formation of LDL-copper complex is responsible for the peroxidation of LDL (35, 36), we kept the ratio of Cu2+/ LDL constant to examine LDL aggregation (Fig. 8) . The results showed that LDL aggregation increases with increasing LDL concentration as expected.
The timedependence of the aggregated LDL formation was seen to be the last event in the oxidation process in agreement with the previous report of quantified LDL aggregation by centrifugation or agarose gel electrophoresis (13). Aggregation of other proteins have been reported to be induced by oxidation, and the temporal relationships between fluorescence and aggregation agreed with the result obtained in the present study (37, 38) . This agreement may suggest that similar mechanisms underlie the aggregation of LDL and these other proteins.
On the other hand, LDL degradation by macrophages increased with a different time course for generating the aggregated LDL, but this degradation occurred simultaneously with an increase in the fluorescence intensity of LDL. Thus, the fluorescence intensity of ox-LDL may be a meaningful index by which to monitor degradation by macrophages.
We separated the chromatographic fractions of monomeric and aggregated LDL induced by copper-catalyzed oxidation.
Each fraction of ox-LDL contained hardly any intact apoB and showed similar intensities of fluorescence.
These results indicate that both fractions were extensively oxidized. However, the electrophoretic mobility increment of aggregated ox-LDL was almost half that of monomeric ox-LDL, although the number of lysine residues in aggregated ox-LDL was reduced more extensively than that in monomeric ox-LDL. It is of interest that the electrophoretic mobility seemed to reflect reactive amino groups such as lysine residues (39), and may indicate that aggregation of ox-LDL is influenced by changes in net surface charge density in contrast to lysine modification.
The electrophoretic mobility change of aggregated ox-LDL may be further influenced by changes in molecular weight. On the other hand, degradation of aggregated ox-LDL was only slightly increased compared with that of monomeric ox-LDL. Setting the mechanism of the degradation aside, the degradation of the aggregat- Arterioscler Thromb, 12 : 187-195, 1992 
